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EXPERIMENTAL STABILITY A HD DRAG OF A POINTED 


AND A BLUNTED 30° HALF-ANGLE CONE AT 

MACH NUMBERS FROM 11. 5 TO 3^ IN AIR 

By Peter F. Intrieri 
Ames Research Center 


SUMMARY 


An experimental study has "been conducted of the static and dynamic stabil- 
ity and drag characteristics of a pointed and a spherically blunted 30 ° half- 
angle cone in air at velocities of about 4 km/sec, 6.7 km/sec, and 8.5 km/sec, 
corresponding to nominal Mach numbers of 11. 5* 1 and 34, respectively, and 
at Reynolds numbers from about 80,000 to 170,000 based on model base diameter. 
For center- of -gravity locations representative of solid homogeneous models, 
both configurations were statically stable at all Mach numbers throughout the 
angle -of- attack range of the investigation. The static stability of the 
pointed cone increased somewhat with increasing Mach number. The static stabil- 
ity of the blunted cone was essentially invariant with Mach number and greater 
than that of the pointed cone by as much as 40 percent. The static stability 
of both configurations decreased with increasing angle of attack. The non- 
linear variations of pitching moment with angle of attack for both configura- 
tions were closely approximated by a cubic polynomial. Both configurations 
were dynamically stable at Mach numbers of 11 . 5 and 19*5 for unpowered flight 
at constant altitude and exhibited pitching motions which converged at the rate 
of about 3 percent per cycle. At a Mach number of 34 the blunted cone exhib- 
ited increased dynamic stability; the pointed cone exhibited dynamic instabil- 
ity. The dynamic instability of the pointed cone became less severe with 
increasing angle of attack. The drag coefficient of both conf igurations 
increased with increasing angle of attack and remained essentially constant 
with increasing Mach number. The drag of the blunted cone was approximately 
8 percent greater than that of the pointed cone. 

The static stability and drag characteristics of both configurations were 
predicted by Newtonian theory and, for the pointed cone, by conical- flow theory, 
usually within about 10 percent. Estimates of the dynamic stability of both 
configurations calculated using Newtonian theory were in agreement with the 
experimental results at Mach numbers of 11 . 5 and 19*5* 


INTRODUCTION 


For entries into planetary atmospheres at velocities well in excess of 
earth-escape velocity, references 1 and 2 have demonstrated the desirability of 
using pointed, conical entry bodies to reduce the total aerodynamic heating. 
Radiative heating, which is much greater than convective heating for very blunt 
configurations at these very high speeds, depends on the velocity normal to the 
bow shock wave rather than on the free-stream velocity and, therefore, can be 



drastically reduced by using entry bodies witb highly swept bow shock waves. 
References 1 and 2 show that the total aerodynamic heating for entry above the 
escape speed into the earth* s atmosphere (ref. l) and the atmosphere of Venus 
(ref. 2) will be minimum for a cone half-angle of about 30°. 

The design of an entry vehicle also requires knowledge of the static and 
dynamic stability and drag characteristics to determine whether these charac- 
teristics are adequate to orient the heat shield properly during the entry and 
to prevent divergent oscillations from occurring at altitudes below that for 
maximum dynamic pressure. Since pointed entry bodies may undergo a significant 
amount of nose blunting due to ablation during entry , it is important to deter- 
mine the effect of this change in nose blunt ness on the stability character- 
istics. 

Some experimental data are available on the static stability and drag 
characteristics of the pointed 30° half-angle cone (see, e.g., refs. 3-6). 
However, with the exception of reference which presents the static and the 
dynamic stability and drag of a pointed 30° half-angle cone with afterbody in 
air (and also in an N2-CO2 mixture) at Mach numbers up to I3.5, the only exper- 
imental stability data available above a Mach number of 8 were obtained in 
helium at a Mach number of 20.3 (see ref. 6). 

The purpose of this investigation was to determine the static and dynamic 
stability and drag characteristics of a pointed and a moderately blunted 30° 
half -angle cone in air at hypersonic Mach numbers to about 30. The investiga- 
tion was conducted in the prototype of the Ames Hypervelocity Free-Flight 
Facility in air. The model velocities were 4 km/sec, 6.7 km/sec, and 
8.5 km/sec, corresponding to nominal Mach numbers of 11. 5, 19*5> and 34, 
respectively. The free-stream Reynolds numbers ranged from 80,000 to 170,000, 
based on model base diameter. The present experimental results are compared 
with other available experimental data and also with estimates made using 
Newtonian theory and conical-flow theory. 
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reference diameter, model base diameter, cm 

moment of inertia about a transverse axis through the center of 
gravity, kg-m 2 

transverse radius of gyration, m 
constant in equation (l) 
constants in equation ( 2 ), deg 
mass of model, g 
free- stream Mach number 

Mach number of countercurrent air stream 

roll parameter, radians/m 

velocity 

angular pitching velocity, radians/sec 
free- stream dynamic pressure, N/m 2 
nose radius of curvature, cm 

Reynolds number based on free- stream air properties and model base 
diameter 

free- stream air temperature, °K 
free-stream velocity, km/sec 

velocity of countercurrent air stream in laboratory coordinates, 
km/ sec 

distance along flight path relative to the free-stream air, m 
axial distance from model base to center-of-gravity position, cm 
horizontal coordinate normal to the flight path, m 
coordinate normal to the flight path and y axis, m 
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angle of attack (angle between model axis and resultant wind direction 
projected onto the vertical plane), deg 

angle of sideslip (angle between model axis and resultant wind direc- 
tion projected onto the horizontal plane), deg 

damping parameters in equation ( 2 ) , per m 

attitude coordinates of the model relative to earth-fixed axes, deg 

wave length of pitching oscillation, m/cycle 

dynamic -stability parameter for constant altitude (eq. ( 5 )) 

free- stream air density, kg/m 3 

standard sea- level air density, 1.225 kg/m 3 

resultant angle of attack, tan’ 1 s/tan 2 a + tan 2 3, deg 

maximum resultant angle of attack, deg 

minimum resultant angle of attack, deg 


root -mean- square resultant angle of attack. 



deg 


rate of rotation of complex vectors which generate the model pitching 
motion (eq. ( 2 )), radians/m 


first derivative with respect to time 


Subscripts 

final value 
initial value 
maximum 

DESCRIPTION OF TESTS 


Test Technique and Test Conditions 

The tests were performed in the prototype of the Ames Hypervelocity Free- 
Flight Facility by launching models from a light-gas gun into either still air 
or into a countercurrent air stream. The countercurrent air stream of 
1.8 km/sec was generated by a shock-tube-driven hypersonic nozzle which is con- 
toured to provide flow at a Mach number of 7- The reservoir air for this 
facility is heated in a cold helium-driven shock tube which is operated under 



tailored interface conditions* Figure 1 is a schematic view of the facility* 

A detailed description of the facility and its operating cycle may he found in 
reference 7* The light-gas gun was similar to the one described in refer- 
ence 8. It had a deformable piston and a 12.7-mm bore. The models were 
launched at nominal velocities of 4 km/sec and 6.7 km/sec into still air at 
ambient temperature corresponding to nominal Mach numbers of 11. 5 and 19*5^ 
respectively; at 6.7 km/sec (the same model velocity used in the = 19*5 
tests) they were launched into the 1.8 km/sec countercurrent air stream to give 
a combined velocity of about 8.5 km/sec. At the ambient tengperature of the 
test stream, this velocity corresponds to a nominal Mach number of 34. In 
order to obtain adequate definition of the motions of the models in the test 
section with the given spacing of the observation stations (see below), the 
tests were conducted at reduced free-stream densities, p /p^ of about 0.02, to 
give the desired wave length of oscillation. Free-stream properties for the 
tests into still air were determined from measurements of the pressure and tem- 
perature in the test section immediately prior to launching the model. These 
measurements of pressure and temperature gave free-stream density within 
2.5 percent for the tests in still air. When the facility is operated with its 
countercurrent air stream, the free-stream properties are determined by the 
following procedure. The stream total enthalpy (relative to the laboratory) is 
determined from measurements of the initial charging pressures and temperatures, 
velocity of the incident shock, and transient history of stagnation-region 
pressures in the shock tube. The test-section free-stream velocity and density 
are then determined from measurements of the static pressure at various sta- 
tions in the test section, assuming isentropic flow. Calibration measurements 
of pitot pressure and Mach number (the latter determined from measurements of 
the shock -wave angle on a stationary cone) have shown that the described den- 
sity determinations are accurate to within 10 percent. For the present tests, 
analysis of the pressure records obtained at the various stations in the test 
section during the model flights indicated a steady decrease in free-stream 
density of about 10 to 20 percent from the beginning to the end of each of the 
recorded flight trajectories of the models. The average free-stream density 
determined from these straight-line variations of density with distance (or 
time) for each independent flight of the model was used to compute the stabil- 
ity and drag coefficients at this Mach number (M^ = 34) . The drag data (to be 
presented later) suggest that the free-stream density at Mach number 34 may be 
approximately 6 percent higher than the average value used in the computations 
if drag coefficient is actually constant with increasing Mach number from 11. 5 
to 34. The gradient in free-stream density, it was determined, had little 
effect on the drag and static -stability coefficients (although these coeffi- 
cients are still accurate to only ±10 percent due to the initial uncertainty in 
determining free-stream density as stated above); its effect on the dynamic- 
stability results is discussed in that section of the report. The average 
values of Mach number, velocity, and Reynolds number are listed in table I for 
each flight. The nominal test conditions are summarized below. 
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SUMMARY OF NOMINAL TEST CONDITIONS 
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T , 
00 7 

°K 

11.5 

4.0 

Still air 

0.033 ( 6 . 5X10 " 5 

slug/ft 3 ) 

295 

19-5 

6.7 

Still air 

•033 ( 6 . 5X10 " 5 

slug/ft 3 ) 

295 

34.0 

8.5 

Countercurrent air stream 
M a f* 7> V a 1.8 km/sec 

.021 (4. 0X10" 5 

slug/ft 3 ) 

170 


The trajectory of the model through the test section was recorded hy 11 
spark shadowgraph stations located at about 1.2-meter intervals. An enlarged 
view of part of the test section is shown in the inset to figure 1. Side and 
top views of the models were recorded at each station. The shadowgraphs con- 
tained images of reference wires from which x, y, z ,9, and \|r coordinates 
were read. The linear coordinates were measured to within 0.007 cra ; and the 
angle s, to within 0.5° • The orientation angles, 0 and , were read relative to 
earth-fixed axes. No corrections were made for the angle between the resultant 
wind direction and earth-fixed axes to yield a and p since for these tests 
these corrections were within the reading accuracy of the angles Q and \|r. 

Time of model flight between stations was recorded with electronic chronographs 
to within 0.02 [±sec . 


Models and Sabots 

Sketches of the models used in the present investigation showing pertinent 
nominal dimensions are presented in figure 2. The models were solid homoge- 
neous bodies machined from either 7075"T6 aluminum or Teflon. The aluminum 
models were tested at a Mach number of 11-5 • At the higher Mach numbers 
(M = 19*5 and 3^0 the heating rates encountered were sufficiently high to 
cause the metal models to burn in flight. The models in the high-speed tests 
were made of Teflon, which was found to be a successful heat shield. The 
Teflon ablated during the flights but the changes in shape, particularly blunt- 
ing of the tip, were observed in the shadowgraphs to be insignificant. It 
should be mentioned that each aluminum model had a small shaft extending from 
the base to facilitate reading the model 1 s position in the shadowgraph pictures. 
It was not possible to use similar shafts on the Teflon models since these 
plastic shafts were usually sheared off during the launching process. The 
dimensions and mass of each model were measured to within ±0.0005 cm (0.1 per- 
cent d) and ±0.0002 g (0.1 percent), respectively . Because the models were 
small and of low mass, measurement of the center- of -gravity position and moment 
of inertia of the models by existing techniques was not practical; therefore, 
computed values were used. Since the dimensions of the models varied only 
slightly from those shown in figure 2, these nominal dimensions were used in 
the computations. The actual center-of-gravity position of the models Is esti- 
mated to be within ±0.0025 cm of the computed values. Some of the physical 
characteristics of each model are listed in table I. 
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Photographs of the models and sabots are presented in figure 3* The alumi- 
num models were launched by means of the two-piece sabot shown in figure 3(a). 
The Teflon models failed when launched with this sabot but were launched suc- 
cessfully by means of the sabot shown in figure 3(h) • Each sabot was machined 
from Lexan (polycarbonate plastic) and upon leaving the gun was separated from 
the model by aerodynamic forces acting on the front face- 


REDUCTION OF DATA 


Drag 

Drag coefficients were determined from the time-distance data of each 
flight by the method presented in reference 9 > which assumes a constant drag 
coefficient. A method applicable to cases where the drag coefficient varies 
with angle of attack is presented in reference 10. It is shown in this refer- 
ence that if the drag coefficient varies with the square of the local resultant 
angle of attack, according to the relation 

C D = C Dq + k x C7 2 (1) 

the effective constant drag coefficient obtained by the method of reference 9 
is the drag coefficient that would be obtained at a constant angular displace- 
ment equal to the root -mean- square resultant angle of attack, a rms , determined 
from the angular orientation-distance history of each flight. The present 
results were found to be adequately represented by equation (l) and are there- 
fore correlated with cr rms . 


Stability Derivatives 

The stability derivatives were determined from analysis of the pitching 
and yawing motions experienced by the models during free flight. Examples of 
the types of motions encountered in the present tests, as viewed in the a- (3 
plane, are shown in figure 4. The angles of attack and sideslip measured from 
the shadowgraphs at each station are indicated by the symbols. The curves show 
the theoretical motions which best fit the experimental data, and they were 
computed by a method discussed later in this section. The models in these 
tests were axially symmetric so that the angular displacement of the model, at 
any instant, can be represented also by the resultant angle of attack, a, whose 
orthogonal components are the angles a and (3. As indicated by the representa- 
tive examples presented in figure 4, the motions obtained for both configura- 
tions at all Mach numbers were characterized by relatively narrow, precessing 
ellipses (in the a-0 plane), and the angle-of-attack range through which the 
models oscillated differed for each flight. Also it is important to point out 
in figure 4 that the models underwent between l-l/2 and 2 cycles of oscillation 
during flight through the instrumented test section, which is sufficient for 
determining static stability and usually adequate for determining dynamic sta- 
bility although more cycles of well-defined motion will generally produce 
better dynamic -stability results. 
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The analysis of the pitching and yawing motions of the models, to obtain 
the stability coefficients, consisted in fitting the following equation to the 
measurements of a and 0 of each flight 


P 


(tK-iw Jx 
+ icc = K^e 1 


(t] 2 - ico 2 )x 

+ K2 


+ K 3 e 


ipx 


( 2 ) 


where rj and w 1 2 are functions of the aerodynamic stability coefficients 
and K x ^ are functions of the initial conditions. Equation ( 2 ) is the 
solution to the differential equation of motion in a and 0 (including effects 
of small amounts of roll rate and trim), as given in reference 11, and is based 
on the assumption of a linear variation of restoring moment with angle of 
attack. The development of equation ( 2 ) also assumes a symmetrical configura- 
tion and small angular displacements. Equation ( 2 ), programmed for machine 
confutation, was used to select optimum values of the constants by an iterative 
process of differential corrections. 

The curves presented in figure 4 show the theoretical motions obtained by 
fitting equation ( 2 ) to the experimental data. The closeness of the theoreti- 
cal motions to the experimental data is a measure of the reliability of the 
stability results. The fitted curves for all flights analyzed in this investi- 
gation agreed with the measured angles within the measuring accuracy. 


The static -stability derivative. 



based on a linear moment curve, 


computed from the wave length of oscillation using the relation 


was 


„ 8jt 2 l y 

= ' A 2 p ro Ad 

where 

a = — ja 

and (a and to g are determined from equation ( 2 ) . 

The dynamic- stability parameter, |, defined as 


(3) 

(4) 


i = C D 



was determined from the constants r) 1 and tj 2 by means of the relation 


^ + \ 



(5) 

( 6 ) 


It has been shown in references 3 and 12 that £, in the form shown in equa- 
tion ( 5 ), is a convenient parameter for describing the dynamic stability of a 
vehicle in unpowered free flight at constant altitude and in ballistic entry, 
respectively. The values of £, presented in this report, were obtained from 
equations ( 2 ) and (6), which assume a linear system over the angle -of -attack 
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range covered during any one flight. Each value of therefore, is the 
dynamic -stability parameter of an equivalent linear system whose amplitude of 
oscillation would grow or diminish in the same way as that experienced by the 
model. 


RESULTS AED DISCUSSION 


The experimental results of this investigation are summarized in table I, 
where the measured values of Cp, and £> based on model base diameter 

and frontal area, are listed for each flight. Values of a m , a Q , and cr rms are 
also presented in table I to indicate the angle -of- attack range through which 
each model oscillated during the flight. In the following sections the experi- 
mental results are presented graphically and are compared with other available 
experimental data and theoretical estimates based on conical-flow theory for 
air (ref. 13) and the equations presented in reference l4 based on Newtonian 
theory. Enthalpy values of atmospheric flight were duplicated in the tests at 
Mach number s of 11 . 5 and 19-5; at M^ = 34.0 the enthalpy was approximately 
58 percent that of atmospheric flight at this Mach number. In the tests at 
Mach numbers 19*5 and 34, the heating rates were sufficiently high to cause 
ablation of the plastic models. These models survived the flights without sig- 
nificant change in shape. The effects of gas dissociation and surface ablation 
cannot be isolated and are implicit in the experimental results. Shadowgraphs, 
typical of those obtained in the present tests, are presented in figure 5 to 
show gross features of the flow fields, particularly the bow shock waves. 


Drag Characteristics 

The measured values of drag coefficient for both configurations are pre- 
sented as a function of the root -mean- square resultant angle of attack in fig- 
ure 6. As discussed earlier, this presentation is equivalent to a plot of Cp 
versus a, as would be obtained from conventional wind-tunnel tests. The exper- 
imental data show that the drag coefficients of both conf igurations increase 
with increasing angle of attack and are little affected by changes in Mach num- 
ber from 11.5 to 34. The slightly higher drag coefficients obtained for both 
configurations at a Mach number of 34 may result from a 5“ to 10-percent bias 
in the value of free-stream density used to compute the coefficients. The 
effect of angle of attack on the drag coefficients of both configurations is 

well predicted by Newtonian theory (CL = 2) . 

^max 

Figure 7 presents the drag coefficients of both configurations at zero 
angle of attack as a function of Mach number. These data were obtained from 
straight-line extrapolations of the experimental data of figure 6, when plotted 
versus a rms * T ^ rie resultant model velocities obtained in the present tests are 
also indicated in this figure. The present experimental data in figure 7 show 
essentially no change with Mach number and good agreement with the experimental 
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data of references 3? b, and 6, which are also included in this figure. 1 The 
good agreement between the present value of Cp for the pointed cone at a Mach 
number of 19*5 (in air) and the value obtained in reference 6 for the same con- 
figuration at essentially the same Mach number in helium indicates that the 
combined effects of differences in the two tests, such as model ablation (the 
Teflon models used in the present tests at this Mach number ablated during 
flight, the model in the tests of reference 6 did not), enthalpy level of the 
tests, test gas, and Reynolds number, had little effect on the drag coefficient 
at zero angle of attack of this configuration. Conical-flow theory adequately 
predicts the drag coefficient of the pointed cone at zero angle of attack. The 
small increase in drag coefficient (approximately 8 percent) because of an 
increase in nose bluntness from r n /d = 0 to r n /d = 0.20 is overpredicted by 
Newtonian theory. 


Static -Stability Characteristics 


The experimental values of pitching-moment-curve slope. 


CL , based on the 


assumption of a linear restoring moment, are presented in figure 8 for both 
configurations versus the maximum resultant angle of attack, o m » In the event 
that the restoring moment is nonlinear with angle of attack, the stability 
results, unlike the drag results, are not correlated with a rms . They are 
instead presented as a function of a m , which is convenient for further analy- 
sis of the data by nonlinear methods. The data presented in figure 8 are for a 
moment reference center located at the center of volume of the particular con- 
figuration. It should be noted, however, that the difference between the 
center-of -gravity locations of the homogeneous configurations, as measured from 
the base, is only about 0.009 d (see fig. 2); hence, the correction to the 
static- stability data to provide comparison on the basis of a common center-of- 
gravity position would be small (approximately b percent) . It should also be 
mentioned here that the stability data obtained at a Mach number of 11.5 were 
not corrected for the small change in center- of -gravity position due to the 
small shaft extending from the base of each model (see figs. 3 and 5) since 
this correction would increase the measured stability by less than 1 percent. 


The data presented in figure 8 show that both configurations are stati- 
cally stable at all Mach numbers and angles of attack of the investigation. In 
general, the data show that for an increase in Mach number from 11.5 to 3^ the 
stability of the pointed cone increases slightly and that the stability of the 
blunted cone remains essentially constant. The static stability of both con- 
figurations is seen to decrease with increasing angle of attack. This varia- 
tion of with o m indicates the variation of pitching moment with angle 

Ij 

of attack is not linear for either configuration and requires an appropriate 
method of nonlinear analysis. Theoretical estimates calculated at zero angle 

x It should be noted that the blunted cone of reference 3 did not have 
exactly the same nose blunt ness as that of the present blunted cone 
( r n/^ = 0.167 as compared to r n /d = 0.20 for the present configuration); how- 
ever, according to Newtonian theory the effect of this difference in nose 
bluntness on drag coefficient is negligible and, therefore, direct comparison 
between the two configurations is justified. 
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of attack using conical-flow theory and/or Newtonian theory agree with the 
experimental data (extrapolated to a = 0) within about 10 percent- (Since the 
variation of with "true" a is not known, this comparison between theory 

and experiment is valid only at zero angle of attack.) 

There are several methods (refs. 15-19) of analyzing the observed pitching 
and yawing motions of a symmetrical body having a nonlinear pitching moment to 
obtain as a function of a. The method of reference 19* developed under 

the assumption that the nonlinear moment can be described by an arbitrary power 
series of the resultant angle of attack, was used to analyze the data obtained 
in the present tests. This method was used according to the procedures 
described in the appendix of reference 5 * and showed that the present nonlinear 
pitching moment for each Mach number could be closely approximated by the sim- 
plest of the moment representations tried, namely, Cm = A a + Bo 3 . (This case 
of a cubic pitching -moment representation is developed in ref. 17*) 

The derived pitching -moment curves are shown in figure 9* These curves 
are considered valid only within the angle -of -attack range of the experimental 
data; therefore, they are terminated at the maxima obtained for each Mach num- 
ber (see fig. 8). Examination of the experimental data shows, as expected, 
that for the angle -of -at tack ranges of the data the stability of the pointed 
cone (fig. 9(a)) increases approximately 6 percent for an increase in Mach num- 
ber from 11-5 to 19*5 an d approximately 16 percent (±10 percent due to uncer- 
tainty in measurement of free- stream density of countercurrent air stream) for 
a further increase in Mach number to 3^* and that the stability of the blunted 
cone (fig. 9(^0 ) is less affected by these changes in Mach number. The effect 
of angle of attack on pitching moment for both configurations is well predicted 
by Newtonian theory. The theoretical values of C m are generally within about 
10 percent of the experimental values for the angle- of -attack ranges of this 
inve st igation . 

The initial stability of the configurations is compared in figure 10 with 
theoretical estimates calculated using conical-flow theory and/or Newtonian 
theory and with other available experimental data. The present experimental 
data show that the initial stability of both configurations at the high Mach 
numbers (M^ = 11. 5 to 3*0 is very nearly the same as that measured at the lower 
Mach numbers (M^ = 4 to 8) in references 3 and 4. The excellent agreement 
between the present experimental data for the pointed cone at a Mach number of 
19*5 (in air) and the data of reference 6 at essentially the same Mach number 
in helium (M^ = 20 . 3 ) indicates again that the different conditions of the two 
tests, that is, model-surface ablation, test gas, enthalpy level, and Reynolds 
numbers, had little effect on the data. The experimental data also show that 
the initial stability of the blunted cone is greater than that of the pointed 
cone by as much as 40 percent. This increase in initial stability for an 
increase in nose bluntness from r n /d = 0 to r n /d = 0.20 is, in general, 
underpredicted by Newtonian theory. 


Dynamic -Stability Characteristics 

The measured dynamic -stability parameter, £, for both configurations is 
presented in figure 11 as a function of the maximum resultant angle of 
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attack, a m . Negative values of £ represent a convergent model motion 
(dynamic stability); positive values of £ represent a divergent model motion 
(dynamic instability). The bars presented in figure 11 indicate the uncer- 
tainty in the measured values of £, at the values of a m shown, due to prob- 
able random errors of ±0.5° in the angle-of-attack measurements. As can be 
seen, the uncertainty in the values of £, obtained from the low-amplitude 
flights, is relatively large, since the error in £ is proportional to the 
percentage error in amplitude which increases as the amplitude decreases. 

Also, as noted in the length of the bars shown in figure 11, the uncertainty in 
£ is greater for the data obtained at a Mach number of 34 than at the two 
lower Mach numbers (M^ = 11*5 and I9.5), since the free-stream air density for 
the Mach number 34 tests is very low. The experimental data presented in fig- 
ure 11 show that both configurations are dynamically stable at Mach numbers of 
11.5 and 19*5 and that the dynamic stability remains constant, within the scat- 
ter of the data, for this increase in Mach number and for the angle-of-attack 
range investigated. These data at Mach numbers of 11. 5 and 19*5 also show that 
the dynamic stability of both configurations is essentially the same; a reason- 
able average value of £ is -3 and is approximately equivalent to a conver- 
gence of about 3 percent per cycle for conditions of the test. As the Mach 
number is increased further to 34, the results indicate large changes in the 
dynamic stability of both configurations and in opposite directions; the 
blunted cone becomes more dynamically stable and the pointed cone becomes 
dynamically unstable. 2 The dynamic instability of the pointed cone appears to 
be greatest at low amplitudes and a strong function of angle of attack. 

These large changes in the dynamic stability of both configurations for an 
increase in Mach number from 19*5 to 34 were not expected, particularly so, 
since the drag and static- stability characteristics of both configurations 
showed no large changes for this increase in Mach number. These differences in 
the dynamic- stability results from Mach number 19-5 to 34 cannot be attributed 
to model damage during launch since, as stated earlier, the models used in 
these tests at Mach number 34 were of the same material (Teflon) and were 
launched at the same velocity as the models in the tests at a Mach number of 
19.5. The reasons for these changes are not known; however, the principal dif- 
ferences between the tests at Mach numbers 19*5 and 34 (namely, the large 
increase in Mach number, the increased rates of ablation of the bodies produced 
by an increase of about a factor of 2 in convective heating, and the increased 
gas dissociation) can certainly contribute to producing these results. Con- 
cerning the possibility that the increased rates of ablation contributed to 
producing these changes, it is Important to mention that some of the shadow- 
graphs showed evidence that ablated particles (indicated by the streaks, Mach 
waves, in the example shadowgraphs presented in fig. 5 ( c )) were present in the 
flow fields of almost all the models flying at a Mach number of 34, whereas the 
shadowgraphs of the models flying at a Mach number of 19*5 (see, e.g., 
fig . 5 (^)) showed no evidence of such particles although these models also 
ablated during flight. It should be mentioned that these particles were 
observed in only a few of the shadowgraphs obtained for a particular flight, 

^Because of premature firing of some of the observation stations, the 
motion histories obtained for flights 429 and 432 (see table i) were shorter 
and not well defined and were therefore less than adequate for measurement of 
dynamic stab ility . 
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•usually those obtained at the latter stations (i.e., stations 9, 10, and ll) , 
and were most visible in pictures that had a "schlieren effect." Unfortu- 
nately, further comparison of the flow field over the models at the different 
Mach numbers which may have provided some insight into the problem was not pos- 
sible since these tests were conducted, of necessity, at low free-stream air 
densities where good flow-field visualization in the shadowgraphs is not easily 
attainable (see fig. 5). Another important difference is that the tests at 
Mach number 19 *5 'were conducted in still air, whereas the tests at Mach num- 
ber 3^- were conducted in a countercurrent air stream which, if irregularities 
were present, may have influenced the dynamic stability. However, it must be 
noted that the test conditions at Mach number 3^ were identical for both con- 
figurations; that is, the same nominal 1.8 km/sec countercurrent air stream was 
employed in all the tests at this Mach number, so that any irregularities in 
the countercurrent flow should have influenced the dynamic- stability results of 
both configurations in the same manner. Hence, the difference between the 
results obtained for the pointed cone and the blunted cone indicates a real 
dependence of dynamic stability on nose geometry. Also the internal consis- 
tency of the results for each configuration indicates strongly that any random 
irregularities in the countercurrent air flow had little effect on the present 
results ♦ 

One other factor concerning the dynamic stability at Mach number 3^ must 
be considered, namely, the variation of free-stream density with distance or 
time measured for each flight. The results have been adjusted as accurately as 
possible to remove this effect of the density gradient which, as stated previ- 
ously, was from about 10 to 20 percent from beginning to end of all the flights 
of the models. The corrections were determined in the following manner: A 

motion was generated for each of the flights using the single-degree-of- 
freedom-motion equation together with the measured variation of density with 
distance, the value of and initial values of a and a (obtained from 

L 

analysis of the measured angular- orientation data by the method of refer- 
ence ll), and an arbitrary "best estimate" of the value of |. 3 Discrete 
points (at very short intervals) of this generated motion were then taken as 
input data for the constant-density analysis using equation ( 2 ) . The differ- 
ence between the values of 6, obtained from this analysis of the generated 
motion, and the input value of used to generate the motion initially, gave 
a correction for the effect of the density gradient. 4 This correction was 
applied to the value of £ obtained originally from analysis by equation ( 2 ) 
of the measured angular- orientation data of a particular flight. Since the 
free-stream density decreased during the course of the model flight, these 

determination of the required correction was found to be independent of 
the input value of £ chosen. For example, input values of £ = +20, -20, and 
0 gave essentially the same value of the required correction for a particular 
flight . 

4 This analysis of the generated motion also gave a value of C™ which 

in all cases agreed with the input value within 1 percent and showed that a 
density gradient has little effect on the determination of Sx when an aver- 
age value of is used in the computations . 
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corrections to the data were negative (contributing dynamic stability) and for 
most of the flights, not very large; these corrections were less than A| = -3 
for all the flights with the exception of flights 449 and 639; which had cor- 
rections of -10 and -7, respectively, because of greater density gra- 
dients. 5 It should be stated again, however, that the results at this Mach 
number (M = 34) are still subject to ±10 percent error owing to the initial 
uncertainty in the measurement of free- stream density (see discussion under 
Description of Tests). Corrections in § due to the measured density gradient 
of each flight were also computed using Friedrich and Dore ! s expression for 
amplitude change due to dynamic pressure variation (see ref. 20) 

1/4 




°°max^ 


w 


(7) 


When this amplitude change is substituted in the expression 


a max _ e 4m ^ ^ 
a maXj_ 


( 8 ) 


an increment in designated Ag, is calculated which represents the correc- 
tion to be applied to the apparent value of | indicated by the divergence, 
or convergence, of the angular motion. Different values of Ag will be 
obtained from equations (7) and (8) for a given constant density gradient as 
the length of the distance interval Ax is varied, because of the l/4-power 
dependence of a^xA^m aXj_ on > "but as Ax -» 0, Ag -> constant, 

(dq^dx)/(p o< A/m)q oo . The variation in Ag with Ax for large variations in 


is proper, since the effect is nonlinear. This relatively simple method 
gave values for the corrections which were within ±2 of the values obtained by 
the previously described procedure. However, it is believed that the final 
values of g were more precise when the corrections were computed by the pre- 
viously described procedure because the values of £ to be adjusted were 
determined by use of the method of reference 11. This method is not rigor- 
ously applicable to cases of variable -density flight (but is necessary in 
establishing the best fitting continuous angular motion), and any errors intro- 
duced in these values of g by inapplicability of the equation should be can- 
celed by use of the same method (ref. 11 ) in computing the corrections. 


It should be mentioned that dynamic stability is not of critical impor- 
tance during the high-speed (early) portion of ballistic entries since the 
rapid increase in atmospheric density strongly damps vehicle oscillations. How- 
ever, for shallow-angle entries such as will be used for manned vehicles enter- 
ing planetary atmospheres, the flights will be at essentially constant alti- 
tude in which case the dynamic stability of the vehicle at these very high 
speeds is of great importance. Also, if the dynamic instability measured for 


5 It is important to mention that the density variation measured for 
flight 623 increased during the model flight; therefore the correction to the 
value of 5 obtained for this flight was positive (g = +0.8). 



the pointed cone at a Mach number of 34 is in fact caused by increased rates of 
ablation, then this effect might possibly occur at lower speeds which would 
warrant further study in these areas. 

Included in figure 11 (b) are two values of £ obtained at a Mach number 
of 4 for a cone having a nose bluntness of r n /d = O .167 in reference 3- These 
values are seen to lie within the scatter of the present experimental data for 
the blunted cone obtained at similar low angles of attack. 

Values of the dynamic- stability parameter, £, at zero angle of attack 
estimated for both configurations using Newtonian theory and equation ( 5 ) are 
also presented in figure 11. 6 Comparison shows that the theoretical estimates 
agree with the experimental data obtained for both configurations at Mach num- 
bers of 11.5 and I 9 . 5 . Although the theoretical estimates are shown only at 
zero angle of attack, it is noted that Newtonian theory predicts essentially 
constant dynamic stability for both configurations for the entire angle- of - 
attack range covered by the present experimental results. 


CONCLUSIONS 


An experimental study conducted in air at Mach numbers of 11.5; 19-5; and 
34 of a pointed and a blunted 30 ° half-angle cone has led to the following 
conclusions . 

1. Both conf igurations were statically stable, for center-of-gravity 
positions located at the models 1 centers of volume, at all Mach numbers and 
angles of attack of the investigation. The static stability of the pointed 
cone increased with increasing Mach number. The static stability of the 
blunted cone was essentially invariant with Mach number and greater than that 
of the pointed cone by as much as 40 percent. The static stability of both 
configurations decreased with increasing angle of attack. 

2. The nonlinear variation of pitching moment with angle of attack for 
both configurations was closely approximated by a cubic polynomial at a < 25 °. 

3 . Both configurations were dynamically stable at Mach numbers of 11 . 5 
and 19*5 Tor unpowered flight at constant altitude and exhibited pitching 
motions which converged at the rate of about 3 percent per cycle. At a Mach 
number of 34 the blunted cone exhibited increased dynamic stability, and the 
pointed cone became dynamically unstable. The dynamic instability of the 
pointed cone became less severe with increasing amplitude of oscillation. 


s Newtonian theory gives values of C m which were in excellent agreement 

iU q 

computed using the present experimental values 


with the values of 


% + 0n& 


of I, C-q, and the values of 
equation ( 5 ) . 


'h*. 


predicted hy Newtonian theory in 
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4. The drag coefficient of hoth configurations increased with increasing 
angle of attack and remained essentially constant with increasing Mach number. 
The drag of the blunted cone was approximately 8 percent greater than that of 
the pointed cone. 

5 . The static- stability and drag characteristics of both configurations 
were predicted by Newtonian theory, and for the pointed cone, by conical-flow 
theory, usually within about 10 percent. The dynamic stability of both config- 
urations, calculated using Newtonian theory, was in agreement with the mean 
level of the experimental results at Mach numbers of 11. 5 and 19 *5 ♦ 


Ames Research Center 

National Aeronautics and Space Administration 
Moffett Field, Calif., Nov. 22, 1965 
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TABLE I.- TEST CONDITIONS AND DATA 



821 

11*75 

4.047 

0.082 

0.665 

-0.161 

-4.015 

20.81 

0.62 

14.73 

1.017 

0.216 

0.6851 

822 

11*95 

4.128 

.089 

.608 

-.157 

-.883 

16.59 

2.39 

11.95 

1.015 



.6861 

823 

11.76 

4.065 

.081 

.812 

-.117 

-3.519 

43.44 

.96 

29.18 

1.019 



.6821 

832 

11.79 

4.080 

.081 

.641 

-.156 

-3.282 

19.69 

.19 

14.07 

1.018 



.6871 

833 

10.46 

3.616 

.078 

.561 

-.160 

— 

2.49 

.16 

1.68 

1.017 



.6821 

834 

11.94 

4.123 

.079 

.673 

-.i4o 

-3.252 

27.80 

1.34 

18.89 

1.015 



.6868 

835 

11.29 

3-900 

.068 

.580 

-.160 

-2.789 

13-53 

.04 

9.5 1 * 

1.017 



.6803 

836 

ll.4i 

3.926 

.076 

.581 

-.159 

-3.973 

13.44 

.21 

9-57 

1.015 



.6843 

84i 

11.40 

3.934 

.071 

.580 

-*155 

-8.892 

10.12 

.89 

7.13 

1.016 



.6810 

84 3 

; 11.42 

3.932 

.074 

.626 

-.159 

; -3.149 

18.82 

3.45 

13.58 

1.017 



. *6853 

844 

n.33 

: 3.906 

.069 

.587 

- .165 

-6.656 

11.03 

! 1.21 

7.63 

1.015 



.6817 


924 

19.45 

6.724 

.121 

.516 

-.174 

-6.225 

4.69 

l.l4 

3.23 

1.026 

.216 

.5135 

925 

19.62 

6.774 

.117 

.523 

-.178 

-1.662 

5.56 

■ 29 

3-97 

1.016 



.5078 

926 

19-59 

6.729 

.123 

.508 

-.172 

-9 .801 

4.92 

.06 

3.31 

1.028 



•5156 

927 

19.50 

6.757 

.119 

.536 

-.170 

-13.451 

4.79 

.26 

3-19 

1.025 



.5196 

928 

19.40 

6.734 

.117 

.538 

-.183 

-8.504 

5.82 

1.97 

4.14 

1.023 



.5141 

929 

19.45 

6.751 

.116 

• 539 

-.164 

4.863 

7.55 

2.52 

5-53 

1.028 



.5235 

930 

19*19 

6.632 

.115 

.651 

-.153 

-4.943 

25.18 

2.27 

17.31 

1.025 



.5189 

931 

19.21 

6.639 

*115 

.543 

-.163 

-2.100 

10.22 

5.90 

8.36 

1.024 



.5217 

936 

18.74 

6.528 

.115 

.567 

-.177 

-1.382 

14.65 

.80 

10.51 

1.021 



.5216 

937 

19.32 

6.707 

.114 

.569 

-.171 

-6.297 

12.87 

3.21 

9.00 

1.018 
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(a) Pointed cone 
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623 

33-41 

8.412 

.171 

• 593 

-.190 

-7.4l4 

20.44 

l.ll 

12.40 

1.016 

.216 

.5118 

627 

34.34 

8.595 

.164 

• 559 

-.200 

10.832 

13.68 

2.73 

8.57 

1.017 



.5207 

629 

34.22 

8.594 

.169 

.607 

-.206 

16.647 

12.27 

.88 

7.98 

1.018 



.5281 

631 

34.60 

8.643 

.167 

.561 

-.196 

37.386 

7.55 

1.99 

4.78 

1.018 



.5266 

633 

35.06 

8.637 

.1 66 

.714 

-.189 

5.237 

21.70 

3-50 

15.36 

1.017 



.5294 

635 

33.97 

8.534 

.159 

.618 

--177 

7.920 

18.95 

.61 

12.64 

1.014 



■ 5285 


3.46l 


(b) Blunted cone 

Nominal Mach number = 11-5, V = 0 
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21.99 

.73 

15-11 

1.015 

.207 

.6736 

4.231 
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7-91 
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5.78 

1.017 
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.608 

-.225 

-1.953 

13.49 
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9-33 

1.019 
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11.33 

.29 

8.07 

1.016 
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4.236 

.075 
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-.225 

-3.644 

11.99 

.12 

8.30 

1.020 



.6640 



839 
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3.897 

.072 

.593 

-.212 

-2.026 

14-53 
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9-89 

1.016 
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Nominal Mach number =19-5, V a = 0 
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Nominal Mach number = 34, V a = 1.8 km/si 
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13.69 

1.020 
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Figure 1.- Schematic drawing of Prototype Hypervelocity Free-Flight Facility 
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Figure 2.- Ske’ 
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(a) Aluminum models with sabots 



(b) Teflon models with sabots 
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Figure 3*" Photographs of models and sabots. 
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Figure 6.- Variation of drag coefficient with angle of attack 
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Figure 7*- Effect of Mach number and nose blunting on drag coefficient at a = 0° . 
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Figure 8.- Variation of experimental static- stability data with angle of attack (center of gravity at 

center of volume ) • 
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Figure 10.- Effect of Mach number and nose blunting on initial static stability (center of gravity at 

center of volume). 
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Figure 11.- Dynamic- stability results. 
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" The aeronautical and space activities of the United States shall be 
conducted so as to contribute ... to the expansion of human knowl- 
edge of phenomena in the atmosphere atid space. The Administration 
shall provide for the widest practicable and appropriate dissemination 
of information concerning its activities and the results thereof.” 

— National Aeronautics and Space Act of 1958 
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